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Abstract 
Efficient water resources management is an issue of major importance in the field of sustainable development, 
especially in the agricultural sector which represents the main consumer through irrigations. Therefore irrigation 
management is an important and innovating area which was the subject of several research and studies. Modeling, 
and more particularly, the Agent-Based Modeling (ABM), allows better representing the multiplicity of these actors, 
the diversity of their roles and their interactions. The main reason why we chose the agent technology in the field of 
gravity irrigation systems, is the complexity to manage in real-time the water distribution operations those arrive 
asynchronously and dynamically and to be reactive and adaptive to the dynamic and unpredictable events that 
characterizes the field (mainly rainy advents). Our objectives are mainly located on two levels. The first one, 
concerns the gravity irrigation modeling by a multi-agent technology and the agent modeling through AML language. 
The second one focuses on the irrigations scheduling optimization using an evolutionary algorithm. Comparisons 
between schedules before and after optimization are made and the results shows that our approach can be considered 
as an efficient tool for planning irrigation schedules by considering crops water needs. 
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1. Introduction 
In the arid and semi-arid regions, the climate is characterized by long periods of drought and a strong 
interannual variability in rainfall amount and distribution leading to a high year-to-year variability of 
agricultural development and yield [1]. Thus, frequent irrigation is needed to attain potential crop 
production. In the South Mediterranean countries, it is estimated that 83% of available resources is 
dedicated to agriculture with system efficiency lower than 50% [2]. The Haouz plain (near Marrakech, 
Morocco) is a typical example of irrigated agriculture in the south Mediterranean countries: the average 
rainfall, of 250 mm/year, is weak against a reference evapotranspiration of about 1500 mm /year [3]. On 
The Haouz plain, the regional public agency is in charge of dam water distribution, in collaboration with 
Hydraulic Basin Agency and farmers associations. Generally, the water is distributed according to a 
schedule determined at the beginning of the growing season depending on the dam’s water level 
regardless of the actual climate, land use or agricultural practices. To tackle these problems, we propose 
an agent-based modeling approach, which will constitute the basic development tool of the decision-
making process and which has as objective to improve profitability and to facilitate the management of 
the water resources distribution at the beginning of the agricultural season. The advantage of our 
approach is that it allows better representing the multiplicity of the different actors, the diversity of their 
roles, the communication and the social interactions between them. Another objective of this study is to 
optimize irrigation schedules of each irrigation round, based on Evolutionary algorithm. This 
optimization consists in minimizing a Priority Index Irrigation (IPI) which we have defined to 
characterize the irrigation priority based on water stress and irrigation timing of the plot. 
2.  Materials and methods 
2.1. Study area 
The irrigated sector R3 is located in the eastern part of the semi-arid Tensift plain, at 40km from the 
city of Marrakech (Morocco). This area is irrigated by a classical gravity network where 2800 ha are 
mainly used for cereal crops. The climate of this region is semi-arid, typically South-Mediterranean [4], 
and the average annual precipitation is about 250 mm, whereas the evapotranspiration demand is about 
1500 mm/year [5]. This study area is managed jointly by three farmers associations and the local center of 
the Regional Office of Agricultural Development of Haouz, particularly in terms of irrigation rounds. At 
each round, each farmer receive a water volume according to the owned area, without taking into account 
the type of the crops and its water requirement, even if some plots are unexploited. This complexity is 
compounded by the spatial heterogeneity of the sowing dates, the size of tilled plots, and the quantity of 
nitrogen used [6]. Water is provided by the Hassan 1 dam through the Rocade canal, feeding two primary 
canals (P1 of the right bank and P2 of the left bank of the sector), conveying the water to secondary and 
tertiary levels down to the field level. 
2.2. The spatialized estimation of water requirements and water stress 
Satellite images provide a synoptic vision repeated in time of the localization and development of 
crops, which is the most critical data for the evapotranspiration estimates [7]. In this study, to estimate the 
water requirements and the crops water stress (Ks), we used the SAMIR model (SAtellite Monitoring of 
IRrigation) which is a software specialized in estimating evapotranspiration (ET) and performing water 
balance of the irrigated crops from satellite images [8, 9]. In this software, ET and Ks are calculated using 
the dual crop FAO-56 method [10] associating NDVI (Normalized Difference Vegetation Index) to crop 
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coefficient by a linear relationship [7]. The coefficient Ks varied between the limits: 0 (severe stress) and 
1 (no stress). Several input parameters are necessary for the water balance processing, namely, the land 
use, pedology, the water stress coefficient, the reference crop evapotranspiration, rain and irrigation. 
These data are provided either from satellite images, measuring stations or the agricultural development 
center. 
2.3. The gravity irrigation systems modeling 
2.3.1. The suggested approach and the classification of a gravity irrigation system 
We consider a gravity irrigation system as a set of managers, operators and farmers. The aim of each 
actor is to manage the good distribution of the irrigation water at beginning and during the irrigation 
season. The multi-agent systems, MAS, actually constitute an emerging technology for simulation, 
comprehension and resolution of the complex problems by the design and the implementation of open and 
distributed systems that can integrate human and/or artificial behaviors [11]. In this context, we were 
interested to the gravity irrigation systems modeling, by applying the agent technology. The first stage 
concerns the elaboration of a multi-agent framework seizing the distributed aspect of the system, the 
interactions and the relations that can take place between the various agents. For this, we propose a 
classification following the system various objectives. This classification will allow to gather all the tasks 
strongly dependant in a subsystem and those not having or having few relations between them in other 
subsystems [12]. Thus, a gravity irrigation system will be composed of the three following subsystems:  
A supervising and planning subsystem: responsible for the supervision of the gravity irrigation system, 
the planning and the scheduling of the water rounds. A processing subsystem having in charge the 
piloting of the agricultural season progress by the execution of the water rounds plans. A Customer 
subsystem constituted by actors having in charge the piloting of the progress of the irrigations and the 
negotiation of the water amount at the beginning of the agricultural season. 
2.3.2. System structuring 
In the Fig 1., we present the different agents that constitute each subsystem:  
 
 
Fig. 1. Agentification of the system. 
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 Supervising agent: represents a Center of Development, it receives an annual amount of water fixed by 
the Hydraulic Basin Agency.  
 Scheduler Agent: responsible for the planning of the irrigation calendar by offering an optimal water 
round scheduling with the most efficient irrigation.  
 Operator agent: the aim task for an operator agent is to follow-up the good processing of the irrigation 
calendar transmitted by the supervising agent.  
 Source Agent: represents the Center of Management and Telecommunication, its role is to liberate the 
flow requested by the supervising  
 AUAW Agent: represents the Users Association of the Agricultural Water, formed by a set of farmers, 
its role is to negotiate the annual amount of water with the supervising agent before the agricultural 
season. This agent has also the role of piloting the processing of the irrigations and to inform the 
operator agent or the supervising agent of the incidents on the level of the irrigation canals. 
2.3.3. System interactions 
At the beginning of the agricultural season, the irrigation managers negotiate with the farmers the 
irrigation season planning. Optimization between the demand and the offer of the water is adjusted 
according to four principal parameters: (1) a climatic scenario defined by the Hydraulic Basin Agency, 
(2) the global amount of water granted to the agricultural sector for the year which is simply processed 
proportionally to arranged surfaces, (3) the soil occupation defined by the farmers and (4) the levels of 
hydrous stress of each crop to be negotiated.  
The objective is to reach a consensus after some iterations of negotiation/simulation about the amount 
of water allocated for each farmer taking into account the available water resources and the seasonal 
rainfall forecasts. In the proposed Multi-Agent System, these iterations of negotiation/simulation are done 
between the supervising agent and the AUAW agents. 
2.3.4. Agent Modeling Language  
For modeling the agents of our system, we chose the AML language (Agent Modeling Language) 
which is defined by [13, 14] as following: "The Agent Modeling Language (AML) is a semi-formal 
visual modeling language for specifying, modeling and documenting systems that incorporate concepts 
drawn from Multi-Agent Systems (MAS) theory." The AML language allows also the modeling of the 
roles and the attribution of roles and the definition of the behavioral aspect which allows the description 
of the interactions between agents and the individual behavior.  
2.3.5. Java Agent DEvelopment  Framework  
For the multi-agent development we used the JADE platform (Java Agent Development Framework) 
[15], which is an environment founded on the FIPA specifications (Foundation for Intelligent Physical 
Agent) [16].  The concept of agent is seen by JADE like an autonomous and independent process which 
has an identity and requires the communication (collaboration, negotiation…) with the other agents. Each 
instance of JADE is called container, and can contain several agents [17]. In conclusion, JADE is the 
platform which approaches the most to our criteria. 
2.4. The Irrigation Priority Index (IPI) 
To characterize the priority irrigation of each plot at each irrigation round, an irrigation index named 
Irrigation Priority Index (IPI) was developed [18]. This index can be calculated for each plot i and 
expressed as a linear function of two main terms: the water stress coefficient of the crop (Ksi) and time ti 
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(in days) between the start of the irrigation round and the irrigation of the ith plot. The index of plot i is 
expressed as follows: 
T
t
KK
KK
IPI i
ss
sis
i
min,max,
min,,   (1) 
Where Ks,min
 
and Ks,max are the spatial minimum and maximum of the Ks map, respectively, 
corresponding to the most and less stressed plots. T is the duration of the irrigation round. 
Equation (1) limits the IPI values between – 1 and +1, respectively corresponding to the most stressed 
plot irrigated the last day of the irrigation round; and the less stressed plot irrigated in first. The values of 
IPI close to 0 are the best, and then can be considered as an indicator of a good distribution of water, 
during an irrigation round. 
2.5. The irrigation scheduling optimization 
2.5.1. The objective function 
The irrigation sector is the most consumers of the water resources. Thus, a good distribution and 
management of water irrigation are essential and must imply the various users of this resource. Our 
objective is to offer the irrigation managers a complete scheduling tool for irrigation rounds, including 
dates and times of opening and closing the canals to irrigate plots and the amount of water needed. 
Therefore, we propose an aggregation function f, which optimize the IPI index of each plot. As the best 
IPI is close to zero, the objective is to minimize IPI indexes for the whole area.  
2.5.2. The constraints 
Those are the five principal constraints of the optimization problem: (1) the capacity constraint ensures 
that supplies can never exceed the total capacity of the canal. (2) The interval constraint ensures that all 
the irrigation tasks can be scheduled during the irrigation round. (3) The overlap constraint ensures that 
all the practical actions can be applied consistently, taking into account (4) the geographical distance 
between the locations where the actions must be applied and the irrigation time span required for all the 
plots of a same canal. (5) The daily working time. 
2.5.3. The optimization algorithm 
We propose a new methodology for irrigation scheduling optimization based on the stochastic search 
algorithm called Covariance Matrix Adaptation Evolution Strategy (CMA-ES) [19] which is actually, one 
of the most powerful techniques for the optimization for single-objective problems. It is an iterative 
stochastic optimization algorithm where at each iteration; a population of candidate solutions is sampled.  
3. Results and discussions 
3.1. The gravity irrigation systems modeling 
At the first level of modeling, we used the AML language to define the entities that compose the multi-
agent system. An entity indicates an agent, a resource, an environment or an organizational unit. Fig 2. 
represents the agent’s diagram which details the various entities. To model the various interactions 
between the agents that compose each subsystem; we propose the use of the Business Process Model and 
Notation (BPMN) [20]. The fig 3. represents the negotiation interactions. 
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Fig. 2.  Agent Diagram of the gravity irrigation system. 
 
 
Fig. 3.  Negotiation process modeling with BPMN 
As mentioned above, we used the JADE platform for our multi-agent system development. The JADE 
Agents communicate by exchanging messages represented in FIPA-ACL. These messages express 
information that an agent wishes that the other agents take into accounts. In our application we defined 
the roles of the agents composing the system, their behaviors and the interactions between them by 
sending and receiving messages. Owing to the fact that these interactions are multiple, we will present an 
example of communication between two agents.  
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(INFORM :sender ( agent-identifier :name Superviseur@GravityIrrigation:1099\JADE receiver 
(set(agent-identifier:name Source@ GravityIrrigation:1099\JADE ) ) :content "Source_Flow = 320" )  
This message is sent to from the Supervisor Agent to the Source Agent to inform him the flow which it 
must be launched on the main canal. For the reception of a message, we call the receive() method. 
3.2. The Irrigation Priority Index validation 
The sensitivity of grain yield to the IPI index values is essential to validate its quality as a criterion of 
good scheduling irrigation round. For this purpose, we started by the elaboration of the water stress Ks 
distribution in the R3 zone just before the third round on March 2009 (Fig 4.). Then the map of IPI index 
was calculated (Fig 5.). The results show obviously a wide heterogeneity of the IPI index: about 32% of 
plots are characterized by a late irrigation, regarding their high values of Ks. 39% of plots were irrigated 
during the first day of the third irrigation round, and about 29% of plots is considered irrigated in time 
with regards to their relative levels of water stress. 
 
 
Fig. 4.  Map of the water stress (Ks ) in R3 zone, just before the third irrigation round, march 2009. 
 
Fig. 5.  Distribution of the Irrigation Priority Index (IPI). 
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Following this evaluation, we can conclude that the IPI index could show the spatial and quantitative 
defects of the current method of irrigation distribution, with gravity channels network. However, before 
its use to optimize the scheduling of irrigation round, the IPI should have a significant relationship with 
grain yields. For this purpose, we compared the mean value of IPI to the average of yields for the 
corresponding plots (Fig 6). We have distinguished here between positive and negative values of IPI, 
corresponding to early or late irrigated plots. For each irrigation round, the obtained results, in fig 6., 
shows a high sensitivity of wheat yield to the IPI values. The positive average of IPI values for all plots 
with the same irrigation treatments, are range between 0.37 and 0.63 which correspond to yield between 
3.8 and 4.7 t/ha. Theses average productions are not higher and are consistent with those observed in the 
Marrakech region, because the soil is poor in organic matter (<2%) and the use of fertilizers were crucial 
[21, 22]. However, the negative average of IPI values are between -0.16 and -0.52 that corresponds to 
significantly lower grain yield ranging from 1.3 to 2.6 t/ha.  
Thus, we can see, in Fig 6., that a late irrigation (IPI =-0.52) during this round is associated with a low 
yield (about 1.3 t/ha) whereas at this period early irrigation (IPI = 0.37) still favourable for yield increase 
(about 3.8 t/ha). Therefore, we conclude that the IPI index could be an appropriate criterion for 
scheduling the irrigation round. In this context, an optimized threshold of IPI ( 0) could indicate 
appropriate scheduling under water shortage. 
 
 
Fig. 6.  Sensitivity of grain yield of winter wheat to the values of IPI (Irrigation Prioriy Index). The numbers 1, 2, 3 and 4 indicate 
the number of the irrigation round. Each point represents the mean value of IPI ( 0 or 0) and the average of yields of the 
corresponding plots. 
3.3. Irrigation scheduling 
The irrigation scheduling is managed by the scheduler agent who is responsible for the execution of 
the optimization algorithm to elaborate the optimal irrigation distribution. We focus in this work, on the 
third irrigation round of the 2011-2012 agricultural season for the second primary canal R3P2. The Ks 
map elaborated before the irrigation round is presented in the Fig 7.a. Values of Ks are averaged 
corresponding to the areas covered by each canal. At this date, an important heterogeneity can be 
observed. The Fig 7.b presents the IPI index distribution from wich tree types of areas can be 
distinguished: areas of stress (accounting about 19% of the total surface) with a late irrigation (the IPI 
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values are lower than –0.2 (in black)); areas out of stress (54%) with an early irrigation (the IPI values are 
greater than +0.2 (dark gray)), and areas for which irrigation was applied appropriately (27%), with IPI 
values between –0.2 and +0.2 (light gray). 
By applying the optimization algorithm presented above, a map of the IPI index was reconstructed (Fig 
7.c). This map clearly illustrate the efficiency of the optimization approach by obtaining values of IPI 
close to zero everywhere in the area of study. The distribution is very dispersed and covers a very large 
range of the IPI before optimization whereas all the indices are concentrated between –0.2 and +0.2, after. 
 
 
Fig. 7. Map of the water stress coefficient Ks averaged by canal areas just before the third irrigation round, February 8th 2012 (a); 
Map of the    index averaged by canal areas without optimization, same date (b); and  opt  index obtained with the optimization for 
each canal areas, same date (c).  
4. Conclusion 
In this work, we proved that the Agent-Based Modeling has fundamental advantages; it provides a 
flexibility allowing to dynamically adapting the agent behaviors. Moreover, the operation research 
algorithms remains limited to the static problems, the multi-agent approach enables to conceive real-time 
systems able to resolve dynamic planning problems and to deal with the evolution of the environment 
during the execution. It ensures a better adaptability of the system to its environment. On the other hand, 
an evolutionary strategy approach for solving the optimal scheduling problem has been applied to the 
third irrigation round of the 2011-2012 agricultural seasons. This approach is based on the CMA-ES 
algorithm. The formulation of the objective function was defined taking into account the water stress 
coefficient of the crops and respecting some constraints resulting from the practical monitoring of the 
irrigation. Therefore, we conclude that the proposed approach is very promising for managing and 
optimizing irrigation schedules in the gravity irrigation systems. 
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